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Abstract
We have measured absolute cross sections for
ultrafast (fs) single-carbon knockout from Poly-
cyclic Aromatic Hydrocarbon (PAH) cations as
functions of He-PAH center-of-mass collision en-
ergy in the range 10-200 eV. Classical Molecular
Dynamics (MD) simulations cover this range and
extend up to 105 eV. The shapes of the knockout
cross sections are well described by a simple an-
alytical expression yielding experimental and MD
threshold energies of EExpth = 32.5± 0.4 eV and
EMDth = 41.0± 0.3 eV, respectively. These are the
first measurements of knockout threshold energies
for molecules isolated in vacuo. We further de-
duce semi-empirical (SE) and MD displacement
energies — i.e. the energy transfers to the PAH
molecules at the threshold energies for knockout
— of T SEdisp = 23.3±0.3 eV and TMDdisp = 27.0±0.3
eV. The semi-empirical results compare favorably
with measured displacement energies for graphene
Tdisp = 23.6 eV [Meyer et al. Phys. Rev Lett. 108
196102 (2012) and 110 239902 (2013)].
Polycyclic Aromatic Hydrocarbons (PAHs) are
suggested to be ubiquitous throughout the inter-
stellar medium.1 A strong indication for this is the
observation of infrared emission bands at wave-
lengths associated with the vibrational modes of
fused hexagonal benzene ring structures which are
typical of PAH molecules. These so-called Aro-
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matic Infrared Bands are however very similar for
different PAH species and can not be used for
unique identification of specific PAHs. It is usu-
ally argued that interstellar PAHs must be large,
containing over 50 C atoms,2 as smaller molecules
would be destroyed through dissociation induced
by absorption of UV-radiation. Recent studies,3
however, have shown that small PAHs such as
anthracene (C14H10) may radiatively cool more
rapidly than previously thought, possibly increas-
ing their survival probabilities in the ISM.
Another important destruction mechanism for
PAHs — large or small — is collisions with fast
atoms or ions, particularly H and He. Such col-
lisions, with center-of-mass energies in the 10-
1000 eV range, should be especially relevant when
shockwaves from exploding supernovae interact
with regions containing PAHs,4 or when stellar
winds interact with atmospheres such as that of
Titan.5,6 It was recently shown that the direct,
prompt (fs) knockout of single C or H atoms is an
important mechanism for PAH destruction under
these conditions, and that this may be the dominant
channel for PAHs containing more than about 20
C atoms.7 The clearest experimental signature of
this process is the detection of charged fragments
from which a single carbon atom (perhaps accom-
panied by one or several H atoms) has been lost
from the parent molecule:
CnHm++He−→Cn−1Hm−x++CHx+He (x= 0, 1,. . . ).
(1)
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Such single-carbon loss processes are highly dis-
favored in statistical fragmentation processes, in
which internal excitation energies are distributed
over all degrees of freedom prior to fragmentation
and where the lowest-energy dissociation channels
dominate. For PAHs, H- and C2H2-loss are typi-
cal statistical fragmentation channels governed by
dissociation energies in the range of 5-7 eV.8 The
energy required to remove a single C atom is much
higher due to substantial dissociation barriers (17
eV in the case of coronene7). The CHx-loss chan-
nel is therefore usually not activated when the in-
ternal energy is distributed over all degrees of free-
dom. This is most often the case when the PAHs
are excited by photons,9–12 electrons13,14 or in
collisions with ions at several keV of energy or
more.15–19 All of these activation agents primar-
ily excite the molecule’s electrons, followed by
fast (ps) internal vibrational redistribution and de-
layed (µs) fragmentation. However, in collisions
with ions, atoms or other heavy particles at lower
collision energies, nuclear stopping processes —
Rutherford-like scattering of the projectile ion or
atom on individual (screened) atomic nuclei in
the molecules — becomes important.7 The energy
transfer to these nuclei may then be sufficient to
directly remove them, i.e. to knock them out, on
femtosecond (fs) timescales. In this scenario, frag-
mentation occurs before the energy is distributed
over the internal degrees of freedom. From this
point of view the fragmentation of the molecule is
not statistical while the distributions of impact pa-
rameters and molecular orientations are inherently
statistical.
For PAHs, single-carbon knockout may result in
fragments with pentagons and non-planar struc-
tures.7 These features may be important in under-
standing the astrophysical formation of fullerenes
such as C60, which have been observed in numer-
ous interstellar environments.20–22 Several groups
have investigated possible “top-down” fullerene
formation routes from graphene flakes,23 amor-
phous carbon clusters,24 and large PAHs,25,26 but
have so far not discussed carbon knockout in col-
lisions with fast ions or atoms in this context.
Knockout fragmentation of C60 was first re-
ported by Larsen et al.,27 with additional work
carried out by Tomita et al.28 In both experi-
ments,27,28 low abundances of C59+ were pro-
duced in collisions between He or Ne atoms and
C60-. More recently, Gatchell et al. reported
the detection of C59+ formed in C60++Ne colli-
sions.29 Formation of C59+ has been shown to be
the first step in the formation of covalently bound
dumbbell-shaped C119+ inside clusters of fullerene
molecules bombarded by keV ions.30–33
These earlier studies with PAHs and C60 have all
emphasized that experimental detection of knock-
out fragments depends sensitively on the inter-
nal energy remaining in the large molecular frag-
ment (see Equation 1). Close collisions leading to
single-carbon knockout often lead to internal en-
ergies suffcient for secondary statistical fragmen-
tation34 — depleting the unique experimental sig-
nal (C-loss for fullerenes; CHx-loss for PAHs) for
carbon knockout. In this Letter, we report ex-
perimental absolute cross sections for single car-
bon knockout for collisions between He atoms and
three PAH cations of different mass: anthracene
C14H10, pyrene C16H10, and coronene C24H12, as
functions of the center-of-mass energy, ECM, in the
He-PAH+ system. In addition, we present clas-
sical Molecular Dynamics (MD) simulations for
these processes, where we have used the Tersoff
potential35,36 to describe the breaking and form-
ing of bonds within the PAH molecules and the
ZBL potential37 for the interactions between the
He atom and all individual atoms in the molecule.
Below, we fit an analytical expression18 for the re-
lation between the knockout cross section, the He-
PAH+ center-of-mass energy, ECM, and the thresh-
old energy in this frame of reference, Eth. We
deduce individual threshold energies from the ex-
perimental data, EExpth , and our MD-simulations,
EMDth .
The microscopic quantity which gives rise to the
observed threshold is known as the displacement
energy Tdisp. This is the energy transferred to the
molecular system at threshold. The value of Tdisp
for PAHs has been the subject of debate. Postma
et al. recently reported values of Tdisp for PAHs
around 27 eV38 based on classical MD simula-
tions for specific orientations of the molecule in
collisions with He. These calculations provided
more accurate values than those estimated in ear-
lier work.4 However, the results of Ref.38 is sig-
nificantly higher (by about 20%) than those from
theoretical and experimental studies of electron
2
and heavy ion bombardment of graphene mono-
layers.39–43 The reason for this difference is an in-
teresting open question, as PAHs resemble small
graphene flakes with similar carbon ring struc-
tures. Here, we report a semi-empirical value
of the displacement energy (T SEdisp = 23.3 ± 0.3
eV) based on energy transfers extracted from our
MD simulations and our experimentally measured
threshold energies. Our result for PAHs is close to
the value found for electron impact on graphene
(23.6 eV),42,43 suggesting that the displacement
energies are similar for PAHs and graphene.
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Figure 1: Measured mass spectra following
C14H10++He collisions at several values of the He-
PAH+ center-of-mass energy ECM.
In Figure 1, we show mass spectra for collisions
between anthracene cations (C14H10+) and He at
different He-PAH+ center-of-mass energies ECM.
The plots are normalized such that the height of
the parent peak (unfragmented C14H10+) is unity.
These spectra are measured using an electrostatic
energy analyzer. Peaks for fragments with differ-
ent numbers of H atoms are not resolved due to
the distributions of kinetic energies of the frag-
ments. The top frame, showing the spectrum taken
at ECM = 100 eV is representative of all the mea-
surements above 100 eV. The fragment peak with
the highest mass, corresponding to the knockout
of a single carbon atom, decreases in intensity as
the center-of-mass energy is decreased, until it be-
comes barely visible in the ECM = 30 eV spectrum.
At the lowest energies (ECM < 30 eV), Gaussian
fits to the CHx-loss and neighbouring peaks yield
insignificant CHx-loss cross sections (see the Sup-
porting Information). The shifts of the fragment
peaks towards lower apparent masses as ECM is
lowered are due to larger fractions of the available
energy being converted to internal energies of the
molecular systems. The internal energy remain-
ing in the Cn−1Hm−x+ fragments after knockout is
important, as it determines their probability to sur-
vive against secondary statistical fragmentation on
the experimental timescale (some tens of µs).
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Figure 2: Experimental absolute cross sections
for CHx-loss in C14H10++He, C16H10 ++He, and
C24H12++He collisions as functions of the He-
PAH+ center-of-mass energy ECM. Solid lines are
fits to Equation 3 where the threshold energies Eth
and amplitude factors A have been allowed to vary
individually for the three PAH molecules.
The threshold behavior may be clearly seen in
Figure 2 where we plot the absolute experimen-
tal cross sections for CHx-loss as functions of
the center-of-mass energy, ECM, for anthracene
C14H10+, pyrene C16H10+, and coronene C24H12+,
colliding with He. These cross sections are sim-
ply the products of the measured total fragmenta-
tion cross sections and the relative intensities of
the CHx-loss peaks. For each PAH ion in Figure
2, a rapid increase in the CHx-loss cross section is
3
observed between ≈ 30 and ≈ 50 eV, followed by
a plateau region at higher center-of-mass collision
energies.
Chen et al.18 give an analytical expression for
the cross section σHe−C for energy transfer greater
than some threshold energy EHe−Cth in binary colli-
sions between He and C atoms:
σHe−C =
AHe−C/EHe−CCM
pi2 arccos−2(
√
EHe−Cth /E
He−C
CM )−4
.
(2)
where AHe−C is a constant.18 The He-C center-
of-mass collision energy is EHe−CCM =
MC
MHe+MC
EHe,
where MC and MHe are the masses of the collid-
ing atoms and EHe is the kinetic energy of the
He projectile in the rest frame of the C target. In
Ref.,18 this expression was used to calculate abso-
lute cross sections for carbon knockout from PAHs
by assuming that the energy transfer to the C atom
had to be at least 27 eV38 and by scaling σHe−C
by the number of carbon atoms N in the PAH (i.e.
σKO = NσHe−C). Here we will instead express the
knockout (KO) cross section in terms of the center-
of-mass energy in the He-PAH+ system, ECM. As
PAHs are much heavier than He, the collision en-
ergy in this system is very close to the kinetic en-
ergy of the He atom in the PAH-target frame. Thus
ECM ' EHe = 43EHe−CCM . As mentioned above, the
threshold energy Eth refers to the smallest energy
for knockout in the He-PAH+ center-of-mass sys-
tem and is then Eth = 43E
He−C
th . This yields
σKO =
A/ECM
pi2 arccos−2(
√
Eth/ECM)−4
(3)
where A= 43NA
He−C has the value:
A=
4
3
0.736N
2pia0ZHeZC√
Z2/3He +Z
2/3
C
4piε0
e2
. (4)
Here a0 is the Bohr radius, ZHe and ZC are the
atomic numbers of He and C, ε0 is the vacuum
permittivity and e is the electron charge. The solid
lines in Figure 2 are fits to the experimental cross
sections where Eth and A have been allowed to
vary. These fits give threshold energies EExpth of
29.4± 0.3, 35.6± 0.4 and 32.0± 0.6 eV for an-
thracene, pyrene, and coronene, respectively. The
weighted average of these three individual thresh-
old values, using the estimated errors as weights,
is 〈EExpth 〉= 32.5±0.4 eV.
Figure 3 shows the relative cross sections for sin-
gle carbon knockout obtained from our MD sim-
ulations for all three PAHs over a broad energy
range, along with the experimental data. The peak
values of all the distributions are normalized to 1.0
(based on the average in the plateau region). There
is good agreement in the shapes of the experimen-
tal and MD distributions. The MD results are well-
represented by Equation 3 for energies up to at
least 105 eV. The bottom panel shows a fit to Equa-
tion 3 for the combined normalized MD dataset for
all three molecules, yielding an average threshold
value for knockout of 〈EMDth 〉= 41.0±0.3 eV.
Table 1: Amplitude factors A (in units of 10−15
cm2·eV) from Equation 4, from fits to the MD
simulated cross sections for single C knockout
(S only), single and double C knockout (S+D)
(see Supporting Information), and from fits to
the present experimental cross sections.
Eq. 4 MD MD Exp.
PAH (S+D) (S Only) (S Only)
Ant 358 267 243 85
Pyr 408 316 287 196
Cor 612 458 400 411
The values of A from Equation 4 are given in Ta-
ble 1, along with those obtained from fits to the ab-
solute cross sections for the individual PAHs from
our MD simulations (see Supporting Information)
and from the present measurements (Figure 2).
Also given in Table 1 are the MD cross sections
when we include the contributions from double-
carbon knockout processes (double-knockout pro-
cesses are due to single interactions with two dif-
ferent C-atoms in the molecule and secondary pro-
cesses where the first carbon atom knocks out an-
other carbon atom, see Supporting Information).
The fits to the experimental cross sections give
A-values which are significantly lower than the
results of the simulations and Equation 4, par-
ticularly for anthracene and pyrene. This re-
flects the survival probabilities for the Cn−1Hm−x+
fragments produced in the collision (Equation 1),
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Figure 3: Classical MD (Tersoff) simulated (open
symbols) and experimental (filled symbols) cross
sections for CHx-loss for anthracene (Ant), pyrene
(Pyr) and coronene (Cor) in collisions with He as
functions of the center-of-mass energy ECM. The
bottom panel shows normalized results from the
simulations for all three molecules. The solid line
is a fit to Equation 3 for this combined dataset.
which are not included in the simulations or Equa-
tion 3. Larger PAHs such as coronene have more
internal degrees of freedom over which to dis-
tribute the energy deposited in the collision, and
are thus less likely to undergo secondary statistical
fragmentation following knockout on the present
experimental time scale of tens of microseconds.7
The experimental A value for coronene is, given
the uncertainties in the measurements and fitting
procedures, very close to the simulated value for
single carbon knockout, implying that nearly all
of the non-statistical coronene fragments survive
in the experiment. In comparison, the values in
Table 1 suggest that 35% and 70% of anthracene
and pyrene fragments survive following the initial
knockout.
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Figure 4: Top: Normalized knockout cross sec-
tions from the experiments (filled symbols) and the
MD simulations (open symbols), with fits to Equa-
tion 3. Bottom: Average energy lost by the He
atom ∆EHe in simulated collisions leading to CHx-
knockout. The solid line is a fit to a power law.
The displacement energies Tdisp are the values of
∆EHe at the threshold energy Eth and are indicated
by rings.
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The upper panel of Figure 4 shows an expanded
view of the threshold region for the same com-
bined MD dataset as the lowest panel of Figure
3, along with the combined, normalized experi-
mental data. Our MD simulations predict a sig-
nificantly higher threshold energy (41.0±0.3 eV),
an average offset of δ = 8.5±0.5 eV with respect
to the experimental threshold (32.5± 0.4 eV). A
likely explanation for this is that the Tersoff po-
tential may give overly strong C-C bonds.
The threshold energies determined by our
method are typical values from the fits to Equation
3. Specific threshold energies depend on collision
angle, impact parameter, and the position of the
C atom in the PAH. Indeed, the simulated cross
sections contain a low energy tail not accounted
for by Equation 3, as can be seen in the top panel
of Figure 4. Another possible contributing effect
is vibrations (even zero point vibrations). Meyer
et al. found zero point vibrations to be essential
in describing the electron beam induced knockout
of C atoms from graphene.42,43 However, they de-
duce the same threshold energy with and without
including this effect.43
The lower panel of Figure 4 shows the mean en-
ergy lost by the He projectile, ∆EHe, in collisions
that lead to knockout of a single carbon atom in our
simulations. This energy transfer is well described
by a power law for He-PAH+ center-of-mass colli-
sion energies between 30 and 150 eV, and the solid
line shows a fit yielding ∆EHe = 2.55×E0.64CM . We
find that this non-linear behaviour is typical for
non-zero impact parameter collisions (see the Sup-
porting Information), while zero impact parame-
ter collisions give a linear behavior in agreement
with the results reported by Postma et al.38 The
displacement energy, Tdisp, is the value of ∆EHe at
the knockout threshold Eth, and is highlighted by
rings in the figure. The value of the displacement
energy from the present MD simulations is TMDdisp =
27.0±0.3 eV. We use the fitted value of ∆EHe from
the simulations at the experimental threshold en-
ergy to determine a semi-empirical value for the
displacement energy of T SEdisp = 23.3±0.3 eV. This
value is in excellent agreement with the results
from electron beam induced carbon knockout from
graphene (Tdisp = 23.6 eV43). It should be noted
though that the two experimental situations are dif-
ferent. In the graphene experiments,42,43 80-100
keV electrons collide with a graphene monolayer
at an angle perpendicular to the plane, while we
collide keV PAH cations with individual He atoms
essentially at rest in the laboratory system. The
latter is equivalent to a situation where He atoms
collide with individual PAH cations (at rest) and
where the He atoms have well defined energies
which can be varied from below 20 eV and up
to a few hundred eV. Unlike in the graphene ex-
periments,42,43 our PAH molecules are randomly
oriented when they collide with He. The colli-
sion energy required to knock out a carbon atom,
the threshold energy, and thus also the displace-
ment energy may be slightly different for different
orientations. In addition, PAH molecules contain
carbon atoms with slightly different binding ener-
gies depending on their positions in the molecules,
which also could give some differences in relation
to graphene where this is not the case. On the other
hand, the the present MD results (which are aver-
aged over all molecular orientations) are in good
agreement with our MD results for face-on colli-
sions. This indicates that the face on configuration
for PAH molecules is representative of the aver-
age. The agreement between our semi-empirical
value for the PAH displacement energy and the re-
sult for face-on electron collisions on graphene can
thus be taken as a strong indication of close simi-
larities between carbon knockout from PAHs and
graphene.
In this Letter, we have reported the first mea-
surements of threshold energies for single carbon
knockout (by He) from isolated PAH molecules
(anthracene, pyrene, and coronene). The experi-
mental results from PAH++He collisions are an-
alyzed in view of classical Molecular Dynam-
ics simulations. We arrive at average values of
EExpth = 32.5± 0.4 eV from the experiment and
EMDth = 41.0± 0.3 eV from the MD-simulations,
with the discrepancy presumably due to shortcom-
ings of the Tersoff potential used to describe the
molecular bonds. We derive displacement ener-
gies T SEdisp = 23.3± 0.3 eV and TMDdisp = 27.0± 0.3
eV. We demonstrate that a simple formula (Equa-
tion 3) may be efficiently used for estimating
ion/atom induced absolute carbon knockout cross
sections in a wide energy range (101-105 eV).
The present results serve as benchmark data for
improving theoretical tools and may be used for
6
modelling collision-induced chemical processes
involving PAHs. Such processes are believed to
be important in the interstellar medium.4,44
This work was supported by the Swedish Re-
search Council (Contract No. 621-2012-3662,
621-2012-3660, and 621-2014-4501). We ac-
knowledge the COST actions CM1204 XUV/X-
ray light and fast ions for ultrafast chemistry
(XLIC).
Supporting Information Available: Details of
the fitting procedure used to extract CHx-loss cross
sections at low center-of-mass energies, as well
as additional data from our MD simulations, are
available in the Supporting Information. This ma-
terial is available free of charge via the Internet
http://pubs.acs.org.
Experimental and Computa-
tional Methods
Continuous molecular ion beams were produced
by means of ElectroSpray Ionization (ESI). A
more detailed description of the ESI setup and
beamline is given elsewhere.7,34,45 PAH cations
were produced using the well established tech-
nique46 of adding silver nitrate (0.5 mM in
methanol) to the solution of the PAH in methanol
and/or dichloromethane.
Following mass selection by a quadrupole mass
filter, the molecular ions were accelerated to 1-10
keV and passed through a 4 cm long collision cell
containing He gas. A cylinder lens and two pairs
of electrostatic deflector plates serve as a large an-
gular acceptance energy analyzer (fragment mass
analyzer). The fragments are detected on a 40
mm double-stack micro-channel plate (MCP) with
a position-sensitive resistive anode. Absolute to-
tal fragmentation cross sections have been deter-
mined for each PAH by measuring the attenuation
of the primary beam as a function of the pressure
in the collision cell.
To obtain the experimental CHx-loss cross-
sections, the relative intensity of the CHx-loss peak
is found by integrating the peak and dividing by
the integral of all the fragments from which at
least one C atom has been lost (fragments where
only H atoms have been lost are not included).
The principle source of uncertainty in this proce-
dure is the background subtraction at low energies,
where there is also significant blending of the par-
ent ion, CHx-, and C2Hy-loss peaks. The relative
intensities of the CHx-loss peaks in the experimen-
tal spectra are converted to absolute cross sections
by multiplying by the absolute total fragmentation
cross section obtained by means of the beam atten-
uation method.34
For the classical molecular dynamics (MD)
simulations we used the reactive Tersoff force-
field35,36 to describe the C-C and C-H bonds us-
ing the coefficients for C and H from Ref.34 In-
teractions between the noble gas atom and each
atom in the PAH molecule are modeled using the
Ziegler-Biersack-Littmark (ZBL) potential.37 The
ZBL potential is a screened Coulomb potential
used to describe nuclear stopping, the dominant
form of energy transfer in collisions in the energy
range studied here. In the simulations, a noble gas
atom is launched along a randomly selected ini-
tial trajectory towards a randomly oriented PAH
molecule. The positions and velocities of all atoms
are followed for 200 fs using the LAMMPS molec-
ular dynamics software.47 At the end of the simu-
lation, the structure of the PAH molecule is ana-
lyzed for the loss of atoms and the energies of all
of the atoms are recorded. This procedure is re-
peated 10,000 times for each projectile species and
collision energy.
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